Abstract-The availability of a superconducting connection between adjacent niobium radio-frequency (RF) cavities with the capability to carry up to 30 mT of the magnetic flux would be particularly of great benefit to layouts of long accelerators like the International Linear Collider (ILC). It would shorten the distances between structures and therefore the total length of an accelerator with the associated cost reductions. In addition, the superconducting connection would be ideal for a superstructure-two multi-cell cavities connected through a half wavelength long beam pipe providing the coupling. Two single-cell niobium cavities have been designed with Nb-1Zr flanges welded to one of the irises to allow a connection between them with a niobium gasket. A transition to the normal-conducting state of the connection due to the applied RF field causes a reduction of the cavities' quality factor. The cavity design will be presented in this contribution along with possible choices of materials for the joint.
I. INTRODUCTION
A SUPERCONDUCTING connection between adjacent cavities in a cavity string has been desired for a long time and several attempts have been made in the past to develop such a system [1] - [4] . The reasons are as obvious as the technological difficulties: a reliable superconducting connection would allow a shortening of the distances between adjacent cavities-presently connections are being made at locations, where the cavity fields decay to a level which generates only minute losses-providing a more compact design with the associated cost reductions. In addition, it would be possible to manufacture the accelerating cavities-typically consisting of a rotationally symmetric center portion (the cells) and asymmetric end groups-more cost effective by e.g. applying "seamless" fabrication technologies [5] for the rotational symmetric center portion. The proposed International Linear Collider (ILC) accelerator, about 38 km long in the actual design [6] , would greatly benefit from the availability of a superconducting connection joining two 9-cell cavities in a superstructure configuration [7] . The design accelerating gradient for ILC is 31.5 MV/m, corresponding to about 133 mT peak surface magnetic field in the cavities. The ratio between in the cavities and the magnetic field at the joint location is about six in the superstructure configuration; therefore the joint would have to sustain about 22 mT at 2 K without losses. In addition, the development of superconducting cavities has gone in the direction of immersing only the "cell section" of a cavity in liquid helium, whereas the end groups (fundamental power coupler, higher order mode couplers) are cooled by conduction only. A superconducting joint would therefore be placed outside the helium bath and a high thermal conductivity of the joint materials is essential. Fig. 1 shows the superstructure configuration with the approximate location of the superconducting joint.
II. POSSIBLE JOINT MATERIALS
Besides being superconducting up to a field of about 22 mT at 2 K, the joint has to be ultra-high vacuum (UHV) tight. To accomplish this we adopted the Conflat design, where a knife-edge is machined on the flanges and a soft superconducting disk is used as a gasket. Indium based joints, which had been used in the past, are not suitable since its critical field at 2 K is about 15 mT [8] . We considered using high purity niobium as gasket material, due to its excellent radio-frequency superconducting (SRF) properties and because it is a relatively soft metal. Flanges made of Ti-45Nb are much harder than niobium and are presently used on 9-cell cavities but both the very low thermal conductivity ( [9] ) and lower critical field ( 10 mT [10] ) than niobium at 2 K does not make it a good candidate material for this application. Nb-1Zr alloy is a material harder than niobium and had been considered for the fabrication of flanges for SRF niobium cavities. A single-cell cavity, one half cell made of Nb-1Zr the other half made of high purity Nb, achieved at 2 K, making this material a good candidate for the cavity flanges. An even more desirable material would be NbN in form of a thin, but mechanically very strong layer on top of a solid niobium flange, which would provide a much better thermally stabilized system than Nb-1Zr. However, this material is not readily available and further research is needed to develop it. The RF test of a NbN single-cell cavity at 2 K, where the NbN layer was grown by exposing a niobium cavity to nitrogen gas at in an UHV furnace, showed a quench at . The quality factors measured as a function of at 2 K for cavities made of Ti-45Nb, Nb/Nb-1Zr and NbN are shown in Fig. 2 . The surface treatment in all cases was buffered chemical polishing (BCP). More details can be found in [11] .
III. 2-CELL JOINT CAVITY DESIGN AND FABRICATION
In order to test the SRF properties of the joint, we designed and built a cavity made of two single-cells with an enlarged iris in the middle which could accommodate a 115 mm inner diameter Conflat-style flange. The electromagnetic properties of the -0 and -modes for this cavity have been computed with a 2D finite element code [12] and the main parameters are indicated in Table I . The magnetic field at the joint location is approximately a factor 2.5 lower than at the equator of the cells in the 0-mode, while it is zero in the -mode. Fig. 3 shows the calculated surface magnetic field distribution along the cavity contour for both modes.
The cells were fabricated from large-grain niobium supplied by CBMM with residual resistivity ratio . Due to its ready availability, we decided to fabricate the Conflatstyle flanges from Nb-1Zr, machined from material supplied by W. C. Heraeus. Standard fabrication methods such as deep drawing of the half-cells and electron beam welding for joining the various parts were used. All cavity parts machining and the welding were done at Jefferson Lab; all welds, even those at the equator, were "inside-outside" welds. Two niobium plates were welded on the beam tube and near the joint for each cell and will be part of an integrated helium vessel which will allow isolating the joint from the He bath. A ring (140 mm outer diameter, 127 mm inner diameter) 2 mm thick made of high RRR niobium, cut from a niobium sheet, is used as gasket between the Nb-1Zr flanges. Fig. 4 shows a picture of the assembled 2-cell joint cavity.
The joint was UHV-tight after the first assembly and cryogenic cycling to 2 K. Nevertheless, after disassembling the joint at room temperature, we noticed that the knife-edge had significantly "flattened" due to the compression with the Nb gasket. Measurements of the Vickers hardness of the various materials will be discussed in the next section.
IV. MEASUREMENTS ON SAMPLES
We measured the Vickers hardness of various possible materials for the flange/gasket superconducting joint, in particular: 1) fine-grain (ASTM 6), high purity Nb sample, chemically etched by BCP 2) same as (1) followed by post-purification with Ti in a UHV furnace at for 66 h, followed by BCP 3) Ti-45Nb sample, treated with BCP 4) Nb-1Zr sample, treated with BCP Table II . These values are consistent with those reported, for example, in [13] , except for the Nb-1Zr being about 20% lower. We suspected the possibility of a zircon concentration lower than the nominal 1 wt.% value as the cause for the reduced mechanical strength. Indeed, analysis by energy dispersive X-ray (EDX) over an area of 1 showed a zircon concentration of 0.38 wt.% at the surface (1-2 deep) and of 0.84 wt.% a few hundred micrometers below the surface.
The availability of a setup to measure the critical field of a joint made with the same flange and gasket materials at 2 K would complement the RF measurements in the 2-cell cavity and would help identifying a set of preparation procedures to obtain . One possibility is to measure the selffield critical current across the joint. We prepared 38 mm long samples, 3 mm 6 mm cross-section, with two knife-edges machined on the 3 mm long side, from Nb-1Zr and Ti-45Nb. We also prepared 38 mm long Nb samples, 3 mm 3 mm crosssection, which are pressed against the knife-edges to make the joint. Standard 4-wire technique is used to measure the voltage across the joint as a function of the applied DC current. Initial tests at 2 K showed low values of the self-field critical current due to field enhancement at the edges of the samples. This was reduced by rounding the corners of the samples with chamfers, 1 mm radius. An additional problem is that the cross-section of the samples should be reduced to in order to limit the current necessary to produce a surface magnetic field of 25 mT to about 100 A, making the joint preparation more challenging.
V. CONCLUSION
The availability of a superconducting connection between cavities capable of sustaining a magnetic field of about 25 mT without losses could have a significant impact on the cost of accelerators such as the proposed ILC. To guarantee a UHV-tight connection, we adopted the Conflat design and we are in the process of evaluating suitable superconducting materials for the flange/gasket assembly. RF measurements on single-cell cavities indicated Nb-1Zr and NbN as good candidates for the flanges, being also harder than niobium, which is the chosen gasket material. We designed and built a 2-cell cavity with the joint between the two cells, which will be used to test the SRF properties of the joint at 2 K. A setback was due to the discovery that the Nb-1Zr material provided by the vendor had lower zircon concentration than the nominal amount, causing the material to be "softer" than required in order to maintain a sharp knife-edge after pressing on the gasket. We are preparing a setup to measure the self-field critical current of small size joint samples to complement the RF measurements of the 2-cell cavity. In addition, we are following the promising route of developing processing parameters for NbN layers on niobium by either thermal nitrification or plasma nitrification, with emphasis on obtaining good superconducting properties.
